Free space optical interconnections (FSOIs) are anticipated to become a prevalent technology for short-range high-speed communication. FSOIs use lasers in board-to-board and rack-to-rack communication to achieve improved performance in next generation servers and are expected to help meet the growing demand for massive amounts of inter-card data communication. An array of transmitters and receivers arranged to create an optical bus for inter-card and card-to-backplane communication could be the solution. However, both chip heating and cooling fans produce temperature gradients and hot air flow that results in air turbulence inside the server, which induces signal fading and, hence, influences the communication performance. In addition, the proximity between neighboring transmitters and receivers in the array leads to crosstalk in the received signal, which further contributes to signal degradation. In this Letter, the primary objective is to experimentally examine the off-axis crosstalk between links in the presence of turbulence inside a server chassis. The effects of geometrical and inter-chassis turbulence characteristics are investigated and first-and second-order statistics are derived.
Optical interconnections have become a prominent subject in free space communication research [1] [2] [3] [4] [5] . The interconnection bus technologies that are commonly used are currently copper or optical waveguide based [6] . Copper interconnections are based on electrical signals and, compared to optical interconnections, have low capacity and low immunity to electromagnetic interference [7] . Furthermore, waveguides can be directly integrated with electronics on printed circuit boards (PCBs) [8, 9] . A more recent technology used for interconnections is (reconfigurable) free space optical interconnections (FSOIs) [10] , which can be applied in a variety of links, such as board-to-board, card-to-card, and between chips onboard. However, one of the drawbacks of FSOIs is that they can be significantly influenced by the air turbulence inside the server chassis. Hot and cool air currents due to the cooling fans within the server produce temperature gradients that lead to scintillation in the beam spot at the receiver [11] . Turbulence also leads to the beam wander phenomenon that affects the irradiance profile of the received signal [12, 13] . Nevertheless, FSOIs between server components are considered to offer a competitive solution for the next generation of servers due to the low index of refraction of air, which is lower than that of any waveguide, the straightforward and short distance three-dimensional (3D) arrangement capabilities, and the wide optical bandwidth facilitating high data rates with low achievable bit error rates (BERs). FSOIs operate with low data latency and can be implemented with various signal deterioration mitigation techniques [14] , such as spatial and wavelength diversity [3, 15, 16] .
One drawback of FSOIs is related to the limitation of interconnection density. This limitation results from the inevitable diffraction effect that gives rise to the issue of interconnection crosstalk. The main goal of this Letter is to experimentally characterize this crosstalk effect and its relation to an axial optical communication channel in a typical in-chassis environment. Such characterization may contribute to furthering the effective modeling [17, 18] and mitigation of the influence of crosstalk noise on communication performance. The scenario under consideration is illustrated in Fig. 1 , where FSOI channels are affected by in-chassis turbulence that is generated from air cooling by fans and heat from electrical components.
We now review the essential theory of air turbulence and clarify its effect on communication performance. The behavior of an FSOI link may be quantified in terms of fade statistics using the probability density function (PDF) of the randomly fading signal. The lognormal PDF model often used under weak irradiance fluctuations is given by [11] 
where I is the received intensity, hi stands for averaging over time, and σ 2 R ¼ 4σ 2 X is the Rytov variance. The scintillation index is a parameter that indicates the normalized intensity variance of an optical wave that is caused by atmospheric turbulence and is defined by [19] COL 15 (2) 
In order to differentiate between the two cases of weak and strong irradiance fluctuation conditions, the Rytov variance is commonly used, where in the case of values σ 2 R < 1, the fluctuations are denoted as weak. The relation between the Rytov variance and the refractive index structure constant, C 2 n for the case of a plane wave, is given by
where k ¼ 2π∕λ is the wavenumber, λ is the wavelength, and L is the total propagation distance. It is convenient to express the scintillation index, σ I , as a sum of independent on-axis longitudinal and off-axis radial components of the form [19, Ch. 8, Eq. (15)]
where σ I ;l ðLÞ and σ I ;r ðRÞ are on-axis longitudinal and off-axis radial components at distance L and radius R, respectively.
The scintillations may be described by the normalized temporal auto-covariance function of the form [19, Sec. 8.5] 
where b I ;l ðτ; LÞ and b I ;r ðτ; RÞ are independent on-axis longitudinal and off-axis radial terms at distance L and radius R, respectively. The experiment simulates FSOI communication links within the chassis of a server (Fig. 1) and investigates the effects of ventilation of hot air. A diagram of the experimental setup is presented in Fig. 2 . The resulting experimental setup is shown in Fig. 3 , and details of the experimental equipment are listed in Table 1 .
The transmitter unit is composed of two continuouswave laser modules operating at a wavelength of 1550 nm and a power of 2 mW. The laser beams propagate across the server chassis interior to the photodiodes through a turbulent channel. The collimated beams are positioned using three axis stages and mirrors, achieving approximate alignment with an inter-beam distance of 2. width, and depth, respectively). The total laser propagation distance is about 1.2 meters, including the chassis depth. Typical values for ambient temperature and heat flow inside the computer chassis were taken according to Ref. [3] ; the temperature inside the computer chassis was up to 75°C, and the measured flow of hot air was up to 6 m/s. In our experiment, the artificial turbulence was produced by the adjustment of the blow heater settings to achieve typical in-chassis conditions. The blow heater outer diameter was 0.17 m and its power was 2000 W. The signals from the photodiodes were acquired with an analog-to-digital converter with a 16-bit resolution at a sample rate of 20 kHz. The air current speed and temperature were measured by an anemometer. The anemometer was located near the optical axis in the computer chassis. The data was logged by Labview software and analyzed off-line by Matlab.
The environmental conditions studied are the in-chassis temperature and wind velocity, both were measured near the optical axis. The temperature as a function of the distance of the blow heater from the optical axis is presented in Fig. 4 . This function may be effectively approximated by an exponential model of the form f ðxÞ ¼ a expð−bxÞ þ c that is expected to characterize typical heat spreading at a roughly constant room temperature. The constant a ¼ 137.6°C reflects the maximum difference between the heater temperature and the ambient room temperature that is given by the constant c ¼ 26°C. The corresponding temperature decay coefficient is constant as b ¼ 7.8 m −1 . Wind velocity as a function of heater distance is presented in Fig. 5 and follows similar exponential behavior of the form f ðxÞ ¼ a expð−bxÞ. The wind speed decays from the starting value of a ¼ 2.4 m∕s to the ambient zero wind condition with a decay coefficient of b ¼ 3.0 m −1 . The PDF of the measured laser intensity is the basis for modeling the scintillation statistics. In order to validate the weak turbulence assumption and lognormal statistics [Eq. (1)] of the crosstalk noise, the PDF was derived from measurements for different blow heater distances from the optical axis. Figure 6 illustrates the lognormal fit of the measured PDF of crosstalk noise. The results show a reasonable similarity to the general theory. The calculated scintillation index at 30 cm distance is σ I ð30 cmÞ ≅ 0.1 and at 80 cm distance is σ I ð80 cmÞ ≅ 0.07. As expected, the average signals in both cases are similar at hI ð30 cmÞ i ≅ hI ð80 cmÞ i ≅ 40 mV.
The dependence of the scintillation index on the blow heater distances from the optical axis is presented in Fig. 7 , showing the variation of on-axis channel, σ I ;l , and off-axis crosstalk, σ I ;r , values. The figure corroborates the theory that off-axis fluctuations are stronger than on-axis fluctuations due to the radial term predicted by Eq. (4). The trace resembles the exponential trendlines in Figs. 4 and 5 with an anomalous measurement at d ¼ 40 cm censored. Moreover, the evaluated radial term of Eq. (4) shows similar behavior, as presented in Fig. 8 .
The channel auto-covariance was analyzed for different channel conditions, and the results are presented in Figs. 9 and 10. In order to present two plots on the same axis, The small peak at the beginning of the crosstalk plots is due to a non-negligible amount of additive white Gaussian noise (AWGN) from different sources when compared to the relatively low power of the crosstalk term.
The normalized cross-covariance between on-axis and crosstalk components is presented in Fig. 11 . The result shows a high correlation between the on-axis signal and the off-axis crosstalk noise, as expected. The shift of the cross-covariance peak results from the off-axial radial term in Eq. (5). This term also explains the gradual increase in the shift due to the lower wind speed.
To conclude, the results indicate that crosstalk noise has a significant effect on the received signal as a function of the distance of the blow heater producing the turbulence effect from the optical axis. The crosstalk noise fluctuations depend on the environmental conditions in the sense that when the temperature and the air current velocity of the turbulence increase, their effect on the received crosstalk variance increases as well.
The empirical evaluation of turbulent-channel parameters shows some similarity between general turbulence theory and the experimental results. We find that the fading statistics follow the well-known lognormal distribution (Fig. 6) . The scintillation index analysis shows a clear difference between the on-axis and off-axis indices (Figs. 7  and 8 ). Rigorous theoretical analysis [12, 13, 19] cannot be exploited to predict the experimental results due to the experimental environmental conditions that are highly uncommon when compared to common air turbulence conditions [4] .
The results of the temporal statistics shows a clear distinction between the on-axis signal and the off-axis crosstalk and their relation (Figs. 9, 10, and 11) , as predicted by theory. Again, an in-depth theoretical analysis is impractical due to the above-mentioned uncommon environmental conditions. Taken together, these experimental results show remarkable resemblance to the general theory, notwithstanding the highly uncommon in-chassis turbulence conditions. Fig. 11 . Normalized cross-covariance between the on-axis and crosstalk components at three different distances of the blow heater from the optical axis: 30, 50, and 80 cm. Fig. 10 . Auto-covariance of crosstalk noise at an 80 cm distance of the blow heater from the optical axis.
